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Among the four DNA bases, guanine is particularly
vulnerable to oxidative damage and the most
common oxidative product, 7,8-dihydro-8-oxogua-
nine (8-oxoG), is the most prevalent lesion observed
in DNA molecules. Fortunately, 8-oxoG is recognized
and excised by the 8-oxoguanine DNA glycosylase
(Ogg) of the base excision repair pathway. Ogg
enzymes are divided into three separate families,
namely, Ogg1, Ogg2, and archaeal GO glycosylase
(AGOG). To date, structures of members of both
Ogg1 and AGOG families are known but no structural
information is available for members of Ogg2. Here we
describe the first crystal structures of two archaeal
Ogg2: Methanocaldococcus janischii Ogg and Sulfo-
lobus solfataricus Ogg. A structural comparison with
OGG1andAGOG suggested that the C-terminal lysine
of Ogg2 may play a key role in discriminating between
guanine and 8-oxoG. This prediction was substanti-
ated by measuring the glycosylase/lyase activity of
a C-terminal deletion mutant of MjaOgg.
INTRODUCTION
DNA molecules are subjected to a wide variety of damage caused
by oxidizing agents from an organism’s own metabolism, from
exogenous sources, and by ionizing radiation. Among the four
bases, guanine is particularly prone to oxidation and its oxidative
product, 7,8-dihydro-8-oxoguanine (8-oxoG), is the most
frequent lesion observed in DNA (Grollman and Moriya, 1993).
8-oxoG can form a normal Watson-Crick base pair with cytosine
(8-oxoG:C); however it has also been shown to form a stable
Hoogsteen pair with adenine (8-oxoG:A) (Kuchino et al., 1987;
Shibutani et al., 1991), which can lead to a G:C/T:A transversion
after replication (Kuchino et al., 1987; Wood et al., 1990). 8-oxoG
is repaired by the base excision repair pathway, a process initi-
ated by either of two DNA glycosylases, formamidopyrimidine-
DNA glycosylase (Fpg) or 8-oxoguanine DNA glycosylase (Ogg)
(Barnes and Lindahl, 2004; David et al., 2007). Fpg is found mostly
in bacteria, whereas Ogg is the primary DNA glycosylase to excise
8-oxoG in eukaryotes and archaea. Both Fpg and Ogg are bifunc-
tional glycosylases: these enzymes catalyze the excision of theStructure 17oxidized base by cleaving the N-glycosylic bond between the
base and the deoxyribose moiety (glycosylase activity) and
subsequently cleave the DNA backbone (lyase activity).
In recent years, tremendous progress has been accomplished
on the front of genome sequencing and a multitude of complete
genomes from a wide variety of organisms are now available.
Among these, the first archaeal genome to be sequenced in its
entirety was that of Methanocaldococcus janischii. Inspection
of its genome revealed an open reading frame containing the
helix-hairpin-helix (HhH) motif typical of DNA glycosylases of
the HhH-GPD superfamily (Bult et al., 1996; Gogos and Clarke,
1999). Characterization of the gene product revealed this protein
to be an Ogg (Gogos and Clarke, 1999). Similar Oggs were
subsequently identified in archaea such as Sulfolobus solfatari-
cus (Brock et al., 1972; She et al., 2001) and Archeoglobus fulgi-
dus (Chung et al., 2001) and eubacteria such as Thermotoga
maritima (Im et al., 2005; Nelson et al., 1999).
The Oggs belong to three distinct families. The Ogg1 family
encompasses the largest number of members including human
OGG1 (hOGG1) (Aburatani et al., 1997; Arai et al., 1997; Bjøra˚s
et al., 1997; Nagashima et al., 1997; Radicella et al., 1997;
Roldan-Arjona et al., 1997; Rosenquist et al., 1997) and bacterial
Oggs such asClostridiumacetobutylicumOgg (CacOgg) (Robey-
Bond et al., 2008). The Ogg2 family comprises archaeal species
such as Methanococcus jannaschii Ogg (MjaOgg) (Gogos and
Clarke, 1999), S. solfataricus Ogg (SsoOgg), A. fulgidus Ogg
(AfuOgg) (Chung et al., 2001), and eubacteria, e.g., T. maritima
Ogg (Tm1821) (Im et al., 2005). Ogg2 enzymes lack the A domain
of Ogg1 family members, share a very low sequence identity with
hOGG1 (13%–19%), and display a reduced specificity for the
base opposite the lesion. Archaeal GO glycosylases (AGOG)
(Sartori et al., 2004) constitute the third family, and the crystal
structure of Pyrobaculum aerophilum AGOG (Pa-AGOG) was
published recently (Lingaraju et al., 2005). It is noteworthy that
crystal structures have been reported for both Ogg1 and AGOG
family members, whereas, to our knowledge, no structure of
Ogg2 is currently available.
Previous structural and functional studies on hOGG1 (Bjøra˚s
et al., 2002; Bruner et al., 2000) pointed out that the conserved
glycine at position 42 on the aA-bB loop in the A domain of
OGG1 is essential for the discrimination between guanine and
8-oxoguanine. Since Ogg2 enzymes are devoid of this domain, it
was unclear until now how these enzymes discriminate between
guanine and 8-oxoG. We report here the first crystal structures
of two members of the Ogg2 family, MjaOgg and SsoOgg., 703–712, May 13, 2009 ª2009 Elsevier Ltd All rights reserved 703
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Structural Characterization of Ogg2Table 1. Summary of Data Collection and Refinement Statistics
MjaOgg Se-Peak Se-Inflection Se-Remote SsoOgg
Data collection
Wavelength (A˚) 0.9794 0.9796 0.9717 1.0332
Resolution (A˚)a 20–2.0 (2.1–2.0) 20–2.0 (2.1–2.0) 20–2.0 (2.1–2.0) 19.7–1.9 (2.0–1.9)
Space group C2 C2 C2 P6
Unit-cell parameters
a, b, c (A˚) 89.32, 37.78, 74.80 89.32, 37.78, 74.80 89.32, 37.78, 74.80 110.96, 110.96, 34.41
a, b, g () 90, 116.06, 90 90, 116.06, 90 90, 116.06, 90 90, 90, 120
Total reflection 54,731 (7,074) 55,051 (6,937) 54,686 (6,886) 20,6107 (26,109)
Unique reflection 28,167 (3,647) 28,272 (3,570) 28,081 (3,519) 35,849 (4,583)
Completeness (%) 94.7 (90.2) 94.8 (88.3) 93.9 (86.5) 95.9 (85.8)
I/s(I) 10.7 (6.0) 10.7 (5.2) 10.1 (4.1) 17.6 (2.7)
Rmerge (%)
b 11.8 (37.4) 12.5 (43.0) 13.7 (51.1) 8.5 (53.6)
Redundancy 1.9 (1.9) 1.9 (1.9) 1.9 (2.0) 7.9 (7.8)
Selenium sites 2 2 2
Rcullis
c 0.85 0.91 0.94
Phasing power 0.8 0.54 0.46
Overall mean FOMd 0.18/0.63
Refinement
Rcryst (%)
e 20.2 20.7
Rfree (%)
e 25.1 24.8
Rmsd from ideal bond
length (A˚)/angles ()
0.006/1.1 0.005/1.1
Nonhydrogen atoms
All atoms 2008 1917
Protein 1855 1724
Water 153 114
Heterogeneous atoms 79
Average B factors (A˚2) 24.7 33.3
Ramachandran plot (%)
Most favored regions 94.9 92.3
Allowed regions 4.6 7.7
Disallowed regions 0.5 0
a High resolution shell is shown in parentheses.
b Rmerge =
P jI hIij=P I is the average intensity from multiple observations of symmetry-related reflections.
c RCullis as defined by SHARP (Vonrhein et al., 2007).
d Before and after density modification.
e Rwork and Rfree =
P
h jjFoj  jFcjj=
P
h jFoj, where Fo and Fc are the observed and calculated structure factor amplitudes. Rfree was calculated with
5% of the reflections not used in refinement.Superposition of these structures with hOGG1 identified the well
conserved C-terminal lysine ofOgg2asa major molecular determi-
nant for the distinction between guanine and 8-oxoG. Our predic-
tion was confirmed by generating a C-terminal deletion mutant of
Ogg2, which unambiguously showed that the C-terminal lysine of
Ogg2 is essential for the recognition of the oxidized guanine.
RESULTS AND DISCUSSION
Crystallization and Structure Determination of MjaOgg
and SsoOggK128Q in their Apo Form and Overall
Description of the Structures
Crystals of apo-MjaOgg were obtained by the vapor diffusion
method. Crystals grew rapidly at 12C (see Experimental Proce-704 Structure 17, 703–712, May 13, 2009 ª2009 Elsevier Ltd All righdures for crystallization conditions). Since MjaOgg contains two
methionines for a total of 207 residues, we crystallized a seleno-
methionyl derivative to obtain multiwavelength anomalous
diffraction (MAD) phases. A single crystal was used to collect
data at three different wavelengths at the Advanced Photon
Source synchrotron (see Table 1 for diffraction statistics). The re-
sulting model was refined at 2.0 A˚ to an Rfree of 0.251 and Rcryst of
0.202 with good stereochemistry. The final model comprises the
totality of MjaOgg residues (1–207). Furthermore, seven addi-
tional residues were observed at the N-terminal end (residues
6 to 0), extending helix aA (Figure 1A). These residues origi-
nated from the cloning vector and include a pentahistidine tag.
The catalytically inactive variant (K128Q) of SsoOgg was crys-
tallized with a DNA duplex containing the 8-oxoG lesion.ts reserved
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Structural Characterization of Ogg2Figure 1. Overall Fold of MjaOgg and
SsoOgg
Ribbon diagrams of MjaOgg (A) and SsoOgg (B).
The HhH motif is composed of helices aI and aJ
in both proteins. Proteins are colored according
to the amino acid sequence going from cold blue
to warm red from N- to C-terminal. In (A), an anom-
alous difference Fourier map (green) contoured at
6s pinpoints the two selenium atoms (Se1 and
Se2) in MjaOgg. All figures were prepared using
PYMOL (DeLano, 2008).A complete X-ray diffraction data set was collected at the
Advanced Photon Source synchrotron (see Table 1 for diffraction
statistics). After molecular replacement using the coordinates of
MjaOgg (with which it shares 39.1% sequence identity), we were
unable to locate any electronic density corresponding to the
DNA molecule. The SsoOgg structure was therefore refined as
an apo form. A closer look at the crystal packing revealed that
helix aM of one of the symmetry-related molecules would hinder
the positioning of a DNA duplex in the active site and confirmed
that our model is indeed unliganded. The final model (Figure 1B)
comprises every residue of SsoOgg from 1 to 207.
MjaOgg and SsoOgg are members of the Ogg2 family and
share a common two-domain architecture. These two domains
are separated by the central HhH motif considered the finger-
print of DNA repair glycosylases of this superfamily (Denver
et al., 2003). The N-terminal domain encompasses helices
aB to aJ arranged in an orthogonal bundle and contains the
HhH motif, whereas the C-terminal domain comprises helices
aA and aK to aM. The catalytic lysine (MjaOggLys129 and
SsoOggLys128) and the other important strictly conserved cata-
lytic aspartate residue (MjaOggAsp147 and SsoOggAsp146)
belong to helix aJ and the aJ-aK loop, respectively. The overall
rmsd for the 207 Ca of MjaOgg and SsoOgg is 1.52 A˚. Most of
the helices superimpose very well in both structures. One differ-
ence we observed is that helix aK and the loop between aJ and
aK adopt a different orientation in each structure. This region
appears to be somewhat mobile in hOGG1, where it undergoes
some reorganization upon binding 8-oxoG (Bjøra˚s et al., 2002;
Bruner et al., 2000).Structure 17Structural Comparison of Ogg2 Enzymes
with Ogg1 and AGOG
The most notable difference between Ogg2 and hOGG1 is the
lack of the A domain of hOGG1 in the Ogg2 enzymes. As shown
in Figure 2A, the antiparallel twisted b sheet forming the A domain
of hOGG1 is totally absent in MjaOgg and SsoOgg. Apparently,
the A domain of hOGG1 is replaced by helix aB in MjaOgg and
SsoOgg. It is noteworthy that AGOG enzymes are also devoid
of the A domain of Ogg1 (Figure 2B) (Lingaraju et al., 2005). Since
Ogg2 and AGOG enzymes can function without the A domain,
what, then, is its role in Ogg1? Previous studies revealed that
hOGG1 associates with the nuclear matrix and chromatin
in vivo, depending on its phosphorylation state (Dantzer et al.,
2002). Importantly, phosphorylation does not affect the glycosy-
lase activity. One of the two possible serine protein kinase C
phosphorylation sites is located in the A domain (Ser44PheArg),
suggesting that it might play a part in the localization of
hOGG1. Alternatively, the function of the A domain might be to
interact with a specific protein-binding partner. The Human
Protein Reference Database lists several protein interactors for
hOGG1 in addition to protein kinase C, such as XRCC1, chro-
mogranin B, and small nuclear ribonucleoprotein polypeptide
F (Mishra et al., 2006). AlkA, a DNA glycosylase of the same
family, harbors a similar domain with a topology reminiscent of
TATA-binding protein (Hollis et al., 2000; Labahn et al., 1996),
which might be indicative that AlkA may partake in transcription
regulation but has yet to be demonstrated.
Despite the absence of an A domain, the two protein families
(Ogg1 and Ogg2) share some similarity. For example, theFigure 2. Superposition of MjaOgg on
hOGG1 and Pa-AGOG
(A) Structural superposition of unliganded hOGG1
(PDB ID code: 1KO9) (Ogg1; gray) on MjaOgg
(Ogg2; red) illustrating the similar architecture of
domains B and C of hOGG1 to the corresponding
domains (N- and C-terminal) in Ogg2 and the
absence of the hOGG1 A domain in Ogg2.
(B) Structural superposition of Pa-AGOG (PDB ID
code: 1XQO) (AGOG; blue) onto MjaOgg (Ogg2;
red) showing a similar fold for the two enzymes., 703–712, May 13, 2009 ª2009 Elsevier Ltd All rights reserved 705
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Structural Characterization of Ogg2N-terminal domain of MjaOgg superimposes very well on
domain B of hOGG1 (Figure 2A). MjaOgg (and SsoOgg),
however, lack the two extra b strands (bF and bG) observed in
hOGG1. These two b strands in hOGG1 (Bjøra˚s et al., 2002)
have no known biological function and do not interact with either
the damaged base or the DNA backbone (Bruner et al., 2000).
Moreover, the N-terminal domain of Ogg2 overlays very well
onto the N-terminal domain of Pa-AGOG (Figure 2B), where
most of the secondary structural elements are conserved.
The central element of the Ogg enzymes is the HhH motif,
a ubiquitous DNA-binding motif (Doherty et al., 1996), which is
considered to be the fingerprint of DNA glycosylases of the
HhH-GPD superfamily (Denver et al., 2003; Sartori et al., 2004).
It is therefore not surprising that the HhH motifs of hOGG1
(Ogg1) and MjaOgg/SsoOgg (Ogg2) superimpose so well (Fig-
ure 3). The second helix of the HhH motif harbors the conserved
catalytic Lys, while the strictly conserved catalytic Asp is located
on a long loop on the C-terminal end of that same helix. Both
helices and the hairpin loop of the HhH motif are very similar in
size and in position in Ogg1 and Ogg2. In contrast, the HhH
observed in AGOG is markedly different (Figure 3): The two
a helices, especially the C-terminal one, are longer than those
of Ogg1 and Ogg2. The most striking difference between
Ogg1-2 and AGOG, however, is the position of the hairpin loop.
The hairpin structure is facing the orthogonal helix bundle domain
in Ogg1-2, whereas the hairpin loop is facing the C-terminal
domain in AGOG. This particular HhH motif in AGOG is asso-
ciated with a different binding mode of 8-oxoG and a locally
modified DNA contact compared to hOGG1 (Lingaraju et al.,
2005).
Finally, the C-terminal domain of Ogg2 (MjaOgg and SsoOgg)
and the C domain of hOGG1 appear to be topologically con-
Figure 3. Sequence Alignment and Super-
position of HhH Motif of Various OGG
(A) Structure-based sequence alignment of
hOGG1, MjaOgg, SsoOgg, and Pa-AGOG, where
residues of the two helices and the hairpin of the
HhH motif are highlighted in blue and red, respec-
tively.
(B) Superposition of the HhH motif of hOGG1
(gray) (PDB ID code: 1KO9 [Bjøra˚s et al., 2002]),
MjaOgg (red), SsoOgg (pale yellow), and Pa-
AGOG (blue) (PDB ID code: 1XQO [Lingaraju
et al., 2005]), illustrating the different orientation
of HhH of Pa-AGOG compared to the other
Ogg1-2 enzymes. The green arrows indicate the
position of the conserved catalytic lysine, whereas
the orange arrows point to the conserved catalytic
aspartate.
served, whereas AGOG harbors two
additional helices (a11 and a14) (Figures
2A and 2B). Previous studies on hOGG1
(Bjøra˚s et al., 2002) demonstrated a struc-
tural reorganization upon binding of 8-
oxoG of three of the a helices (aD, aM,
and aO) of the C domain. In addition,
several residues of the C-terminal a helix
of hOGG1 are implicated in the substrate
binding. The most pronounced movement is performed by
Phe319, which goes from a distal position in the unliganded
hOGG1 (PDB ID code: 1ko9) to a proximal position in the
hOGG1/8-oxoG complex (PDB ID code: 1EBM), to stack against
the six-membered ring of 8-oxoG (Figure 4) (Bjøra˚s et al., 2002;
Bruner et al., 2000). This OGG1-conserved Phe appears to be
replaced by a conserved Trp in Ogg2 (Trp198 in the MjaOgg
and SsoOgg sequences), a residue which can also participate
in a stacking interaction with 8-oxoG (Figure 4).
A notable difference resides in the C-terminal loop of Ogg2. As
seen in Figure 4B, the position of the C-terminal loop adopts
a very different conformation in MjaOgg/SsoOgg and hOGG1.
The C-terminal loop of Ogg2 makes a sharp turn at the end of
the a helix and points toward the active site, whereas the corre-
sponding loop in hOGG1 is pointing toward the surface of the
protein, some 180 away. The presence of the aA-bB loop
from the A domain of hOGG1 undoubtedly contributes to force
the C-terminal loop to adopt a conformation that differs from
that observed in Ogg2. It is noteworthy that the aA-bB loop in
hOGG1 contains the glycine residue involved in the discrimina-
tion between guanine and 8-oxoG (Bruner et al., 2000). The
fact that the C-terminal loop of Ogg2 overlaps with the aA-bB
loop of hOGG1 urged us to investigate its role further (see below).
Opposite Base Specificity
Previous work showed that MjaOgg displays little preference for
the base opposite the lesion in contrast to hOGG1, which re-
moves 8-oxoG opposite C but not paired to G or A (Gogos and
Clarke, 1999; Bruner et al., 2000). In the structure of hOGG1 in
complex with DNA containing 8-oxoG:C (PDB ID code: 1EBM),
residues Asn149, Arg154, and Arg204 interact with the
estranged cytosine (Bruner et al., 2000). The H bond network is706 Structure 17, 703–712, May 13, 2009 ª2009 Elsevier Ltd All rights reserved
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Structural Characterization of Ogg2composed of hydrogen donors and acceptors that select for
cytosine. The structures of MjaOgg and SsoOgg allow us to
speculate about the putative interactions these enzymes make
with the base opposite the lesion. A structure-based sequence
alignment reveals that two of the three interacting residues of
hOGG1 are conserved in Ogg2: hOGG1 Asn149 and Arg204
Figure 4. Close-Up View of the C-Terminal
Loop ofOgg2 and the aA-bBLoop of hOGG1
(A) Sequence alignment of the C-terminal region of
MjaOgg, SsoOgg, AfuOgg (Chung et al., 2001), and
TmaOgg (Im et al., 2005), showing the conserved
‘‘stacking’’ tryptophan and the C-terminal lysine
of Ogg2 (in red).
(B) Ribbon diagram showing a superposition of the
C-terminal loop of MjaOgg (red), SsoOgg (pale
yellow), the aA-bB loop of hOGG1 (gray) (PDB ID
code: 1EBM [Bruner et al., 2000]), and CacOgg
(green) (PDB ID code: 3F10 [Faucher et al.,
2009]). The superposition indicates that Trp198 of
Ogg2 may be involved in a similar stacking interac-
tion with 8-oxoG as Phe319 in hOGG1. Some
structural elements were omitted for clarity.
appear to be structurally equivalent to
MjaOgg Asn49 and Arg89 (Figure 5) while
no structural equivalent is observed for
hOGG1 Arg154. The role of Arg154 in
the specificity for the estranged base
was studied in hOGG1 and a bacterial
Ogg, CacOGG. The hOGG1 Arg154His
mutation has been identified in some
human cancers. While the glycosylase
activity of the Arg154His variant is similar
to the wild-type enzyme, its specificity for C is relaxed (Bruner
et al., 2000). CacOgg, which displays little preference for the
base opposite the damage (Robey-Bond et al., 2008), differs in
sequence from hOGG1 at two sequence positions, Met132
and Phe179, which correspond to amino acids Arg154 and
Tyr203 in the human enzyme. When the CacOgg residues wereFigure 5. Putative Interactions of MjaOgg
with the Cytosine Opposite the Lesion
The figure shows the interactions made by hOGG1
(PDB ID code: 1EBM) with the estranged C (shown
in gray) and putative interacting residues in
MjaOgg (red). While hOGG1 Asn149 and Arg204
appear to have structural equivalents in MjaOgg
(Asn49 and Arg89), Arg154 does not.Structure 17, 703–712, May 13, 2009 ª2009 Elsevier Ltd All rights reserved 707
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Structural Characterization of Ogg2mutated into their human counterparts the resulting variants
showed a substantial increase in specificity for 8-oxoG$C over
8-oxoG$A (Robey-Bond et al., 2008). In the crystal structure of
hOGG1 Tyr203 interacts with Asn149, which in turn participates
in an H bond with the N4 amine of C. The role of Tyr203 in deter-
mining opposite base specificity is indirect and may be to stabi-
lize Asn149. In CacOgg, the tyrosine is replaced by a Phe
(Phe179); the H bond with the asparagine residue is lost and
Asn127 (which corresponds to hOGG1 Asn149) does not appear
to interact with C (Faucher et al., 2009). In the Ogg2 enzymes the
residue corresponding to hOGG1 Ty203 is also a phenylalanine
(Phe85 in MjaOgg and Phe81 in SsoOgg). These structural and
biochemical data taken together strongly suggest a crucial role
for Arg154 in determining the specificity for the estranged base,
with an additional indirect contribution from Tyr203. The absence
of these residues in CacOgg and Ogg2 provides an explanation
for their lack of opposite base specificity.
Structural Basis for the Discrimination between
Guanine and 8-Oxoguanine by Ogg2
As with other DNA glycosylases, Ogg2 enzymes are presumed to
bind their substrate in an extrahelical conformation (Bruner et al.,
2000; Fromme and Verdine, 2003; Fromme et al., 2004; Labahn
et al., 1996). The damaged base is rotated out of the DNA helix
and bound in a cavity lined with specific binding residues (Huff-
man et al., 2005) in a deep groove located at the junction of the
two domains and the HhH motif. Although the presence of a keto
moiety on the C8 atom of 8-oxoG might appear to be the major
determinant to discriminate between guanine and 8-oxoG,
earlier structural studies (Bjøra˚s et al., 2002; Bruner et al.,
2000) revealed that the C8 carbonyl group is completely devoid
of any direct hydrophilic interactions with hOGG1. In contrast, in
Pa-AGOG, an H bond was observed between the 8-oxygen
Figure 6. Interactions Involving the C-Ter-
minal Lysine of Ogg2
The figure shows the hydrophilic interactions
made by the conserved glycine in hOGG1 with
8-oxoG (gray) (PDB ID code: 1EBM [Bruner et al.,
2000]) and by the C-terminal lysine of MjaOgg
(red) and SsoOgg (pale yellow) with several protein
residues. The putative interaction of the carboxyl
group of Lys207 of MjaOgg/SsoOgg with 8-oxoG
is shown as a green dashed line. Glu21 adopts
an alternate conformation in SsoOgg. Some struc-
tural elements were omitted for clarity.
atom of 8-oxoG and the nitrogen of the
indole group of Trp69 (Lingaraju et al.,
2005).
One consequence of the oxidation of
the C8 atom of guanine is the electron
delocalization of the double bond
between the N7 and C8 atoms of the
8-oxygen and the protonation of N7.
The N7 proton allows 8-oxoG to establish
a crucial hydrophilic contact with the
main chain carbonyl of the conserved
glycine of the aA-bB loop (Gly42 in
hOGG1) (Figure 6, gray dashed line), which cannot occur with G.
Interestingly, this interaction is observed even if the glycine
residue is mutated to an alanine. The protein fold seems to adapt
to the structural stress induced by the introduction of a methyl
group (Radom et al., 2007). Previous work demonstrated that
the hydrophilic bond between the conserved Gly and the
8-oxoG molecule was not the only factor hOGG1 uses to distin-
guish G and 8-oxoG. Banerjee et al. (2005) showed that in the
active site of hOGG1 a dipole formed by Lys249-NH3
+ and
Cys253-S complements perfectly the dipole observed on the
8-oxoG molecule while creating a repulsive force on G. This
pair of residues is conserved in CacOgg and yeast OGG1, but
the cysteine is replaced by a histidine in MjaOgg/SsoOgg, sug-
gesting that such dipole effect is less critical in Ogg2 enzymes.
In addition, because Ogg2 glycosylases lack the A domain of
hOGG1 and therefore the aA-bB loop and the glycine respon-
sible for the G/8-oxoG discrimination, the mechanism for distinc-
tion of G/8-oxoG must reside elsewhere. As seen in Figure 4, the
C-terminal loop of MjaOgg/SsoOgg overlaps with the aA-bB
loop precisely at the position of the glycine responsible for the
recognition of 8-oxoG in OGG1. A close-up view of this region
(Figure 6) shows that the C-terminal lysine of MjaOgg/SsoOgg
superimposes very well onto hOGG1 Gly42. In this position,
the carboxyl group of the C-terminal Lys207 in Ogg2 can easily
form an H bond with the N7 hydrogen of 8-oxoG (Figure 6, green
dashed line). The side chain of the C-terminal Lys207 is stabilized
by a hydrophilic network involving several conserved residues.
The amino group of MjaOgg-Lys207 interacts with the side
chains of Glu40 and Gln59 while SsoOgg-Lys207-NH3
+ interacts
with Glu21 and Glu36. Among the five residues interacting via
main chain or side chain atoms with the C-terminal lysine, only
MjaOgg-Gln59 appears to be not strictly conserved in Ogg2.
Taken together, these observations provide a strong indication708 Structure 17, 703–712, May 13, 2009 ª2009 Elsevier Ltd All rights reserved
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Structural Characterization of Ogg2Figure 7. Glycosylase/Lyase Activity Assay of MjaOgg and MjaOggD3
The figure shows a comparison of the glycosylase activity of MjaOgg and MjaOggD3 (A) and the lyase activity for the same enzymes (B). The glycosylase assay
was performed on an oligonucleotide containing 8-oxoG opposite each of the four bases, whereas the lyase activity assay was performed with an oligonucleotide
containing an abasic site opposite each of the four bases. The 32P-labeled 8-oxoG and AP substrates (10 nM) were incubated with 20 nM hOGG1 for positive
control or increasing concentrations (20 nM, 50 nM, and 100 nM) of MjaOgg and MjaOggD3 in their respective reaction buffers.that the C-terminal lysine of MjaOgg/SsoOgg (and other Ogg2
enzymes) may be a critical molecular determinant for the
discrimination between G and 8-oxoG.
Role of the Ogg2 C-Terminal Lysine in the 8-Oxoguanine
Glycosylase Activity
Previous attempts have been made to break the interaction
between the main chain carbonyl of glycine (Gly42 in hOGG1)
and 8-oxoG-N7-H (Radom et al., 2007) by mutating the glycine
to an alanine. Despite the introduction of a methyl group, the
main chain carbonyl of Ala was still able to interact with
8-oxoG. Apparently, it is impossible to break this interaction
without deleting the entire aA-bB loop, which would have drastic
consequences on protein integrity. Ogg2 enzymes, on the other
hand, provide us with a unique opportunity to investigate the role
of the main chain carbonyl/8-oxoG-N7-H interaction because
the residue making this interaction is located at the extreme
C terminus of the enzyme, allowing us to construct a deletion
mutant without dire consequences for the protein fold.
In order to investigate the role of the C-terminal lysine of Ogg2,
we created a truncated form of MjaOgg by deleting the last three
amino acid residues. The resulting MjaOggD3 variant was as-
sayed for glycosylase activity using a 35-mer double stranded
DNA containing the 8-oxoG lesion opposite each of the fourStructure 17bases. Unlike hOGG1, which displays a strong preference for
C as the opposite base, MjaOgg is known to cleave 8-oxoG
across all four bases (Gogos and Clarke, 1999). As seen in
Figure 7A, only the wild-type MjaOgg is able to excise 8-oxoG
opposite each of the four bases, while MjaOggD3 is unable to
excise the damaged base. To make sure that the deletion of
the three C-terminal residues did not significantly alter the proper
folding of the enzyme a lyase activity assay was performed on
both wild-type and truncated MjaOgg using a DNA oligomer
containing an abasic site. Figure 7B shows that both wild-type
MjaOgg and MjaOggD3 are able to process the second step of
the glycosylase/lyase reaction. MjaOggD3 displays a slightly
less robust lyase activity compared to wild-type MjaOgg, which
could be explained by a possible destabilization of the DNA
backbone due to the lack of some DNA interactions. The activity
assay confirms our hypothesis and underscores the paramount
importance of the C-terminal lysine of Ogg2 in the discrimination
between G and 8-oxoG.
Concluding Remarks
Because hOGG1 and Fpg can recognize methyl-formamidopyr-
imidine (Me-Fapy) as well as 8-oxoG and Me-Fapy lacks the
N7-hydrogen, the role of the protonated N7 in the recognition
of 8-oxoG has been the subject of debate (David et al., 2007;, 703–712, May 13, 2009 ª2009 Elsevier Ltd All rights reserved 709
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Structural Characterization of Ogg2Hamm et al., 2007). A recent study that focused on guanine and
8-oxoguanine analogs that varied at the N7 and/or C8 positions
suggested that discrimination between the two bases stems
from the absence of a fully sp2-hydridized N7 rather than the
presence of an N7-hydrogen or a C8-oxygen in 8-oxoG
(David et al., 2007; Hamm et al., 2007). Here we present the first
crystal structures of two archaeal Ogg2 enzymes and demon-
strate the importance of the C-terminal lysine in the discrimina-
tion between guanine and its oxidized product. A structural
analysis of a complex of Ogg2 with 8-oxoG-containing DNA
will be required to decipher the detailed interactions between
the enzyme and its substrate.
EXPERIMENTAL PROCEDURES
Recombinant SeMet-MjaOgg Expression and Purification
The open reading frame of MjaOgg was cloned using Nde1-Xho1 restriction
sites of a pET-22b vector (Novagen). A penta-histidine tag sequence was in-
serted before the first ATG codon of MjaOgg while the stop codon of MjaOgg
was conserved. Recombinant SeMet-MjaOgg was engineered by inhibiting
the methionine biosynthesis pathway (Doublie´, 2007). Briefly, SeMet-MjaOgg
was expressed in M9 minimal medium supplemented with select amino acids
and selenomethionine (60 mg/L) 15 min prior to induction with IPTG. After 4 hr
at 37C, the bacterial pellet was sonicated in lysis buffer (50 mM sodium phos-
phate [pH 8.0], 100 mM NaCl, 10 mM imidazole, and 5 mM b-mercaptoetha-
nol). The centrifuged lysate was loaded on a Ni-NTA column (GE Healthcare)
and eluted using lysis buffer supplemented with 500 mM imidazole. Pooled
fractions of MjaOgg were dialyzed in 20 mM HEPES (pH 7.6), 150 mM NaCl,
10% (v/v) glycerol, and 5 mM b-mercaptoethanol, and then loaded on an SP
column (GE Healthcare) and eluted with a salt gradient. The purified protein
was concentrated to 0.8 mg/ml prior to crystallization.
Recombinant SsoOggK128Q Expression and Purification
SsoOgg was cloned in a manner identical to that used for MjaOgg and the
K128Q glycosylase-deficient mutant was generated by site-directed muta-
genesis. After overnight expression at 16C with 1mM IPTG, the bacterial
pellet was sonicated in lysis buffer (50 mM sodium phosphate [pH 8.0],
100 mM NaCl, 10 mM imidazole, and 5 mM b-mercaptoethanol). The centri-
fuged lysate was loaded on a Ni-NTA column (GE Healthcare) and eluted
using an imidazole gradient. Pooled fractions of SsoOgg were dialyzed in
20 mM HEPES [pH 7.6], 150 mM NaCl, 10% (v/v) glycerol, and 5 mM b-mer-
captoethanol, and then loaded on an SP column (GE Healthcare) and eluted
with a salt gradient. The purified protein was concentrated to 5 mg/ml prior
to crystallization.
Crystallization, X-Ray Analysis, and Structure Determination
of the Recombinant SeMet-MjaOgg
Crystals of SeMet-MjaOgg were obtained by hanging-drop vapor diffusion at
12C in 2 ml drops of a 1:1 ratio of purified protein and well solution (30% [w/v]
PEG-4000, 0.1 M sodium citrate [pH 5.9], and 1% b-mercaptoethanol). Crys-
tals grew to dimensions suitable (803 803 80 mm3) for X-ray diffraction experi-
ments. Crystals were flash cooled directly from the crystallization drop into
a stream of nitrogen kept at 100 K. Since molecular replacement attempts
failed to produce a clear solution, we collected a MAD data set at three wave-
lengths corresponding to the peak, inflection, and high energy remote of the K
edge of selenium (see Table 1 for data collection statistics) at beamline 23-ID B
at the Argonne Advanced Photon Source. The diffraction images were inte-
grated using XDS (Kabsch, 1993) and merged/scaled with CCP4 (CCP4,
1994). The program SOLVE (Terwilliger and Berendzen, 1999) identified the
two selenium sites. AutoSHARP (Vonrhein et al., 2007) was then used for
refinement of the selenium parameters. The phasing information was then
used in ARP/wARP (Perrakis et al., 1999) for density modification and iterative
model building. A MAD map after density modification and a simulated anneal-
ing omit map are shown in Figure S1 (available online). The refinement proce-
dure was performed with CNS (Brunger et al., 1998). The initial model issued
from ARP/wARP was submitted to a cycle of simulated annealing at 3000 K710 Structure 17, 703–712, May 13, 2009 ª2009 Elsevier Ltd All rigfollowed by energy minimization and B factor refinement cycle. Afterwards,
the model was refined by simple energy minimization followed by isotropic B
factor refinement (restrained and individual) and corrected by manual
rebuilding using O (Jones et al., 1991). Missing parts of the model, glycerol,
and water molecules were progressively added during the refinement proce-
dure. Finally, the quality of the model was verified with PROCHECK (Laskowski
et al., 1993). There is only one residue (Lys165) in the disallowed region of the
Ramachandran plot probably caused by symmetry interactions. Residues
Lys100, Asn187, and Ile197 appear to adopt alternate conformations.
Crystallization, X-Ray Analysis, and Structure Determination
of the Recombinant SsoOggK128Q
Crystals of SsoOgg were obtained by hanging-drop vapor diffusion at 12C.
DNA oligonucleotides (16-mer) were ordered from Midland Certified Reagent
Co. and purified on a Mono Q column (GE Healthcare). The sequences were
as follows: 50-AGCGTCCAXGTCTACC-30 and 50-GGTAGACCTGGACGCT-30,
where X is 8-oxoG. Protein and duplex DNA were mixed in a 1:1.2 molar ratio.
Crystals grew in 2 ml drops containing a 1:1 ratio of protein/DNA mix and well
solution (2 M (NH4)2SO4, 50 mM sodium cacodylate [pH 6.5], and 10 mM
MgSO4). This procedure yielded crystals with dimensions suitable (150 3
30 3 30 mm3) for X-ray diffraction experiments. A complete data set was
collected at 100 K and a wavelength of 1.0332 A˚ at beamline 23-ID B at the
Argonne Advanced Photon Source on a single 4 year old crystal. The supersat-
uration in the protein drop was such that there was no need to add a cryopro-
tectant and the crystal was flash cooled directly from the drop. Diffraction data
were indexed using XDS (Kabsch, 1993) and scaled with XSCALE. The struc-
ture of SsoOggK128Q was solved by molecular replacement with MOLREP
from the CCP4 suite (CCP4, 1994) using the MjaOgg coordinates as a model.
Refinement procedure was performed as stated above for MjaOgg. A simu-
lated annealing omit map is shown in Figure S2. The quality of the model
was verified with PROCHECK. (Laskowski et al., 1993). There are no residues
in the disallowed region of the Ramachandran plot. Residues Glu21 and Leu42
seem to adopt alternate conformations.
MjaOgg C-Terminal Deletion Mutant
The MjaOgg deletion mutant was generated by PCR cloning using primers
50-GGGCATATGGGCAACCATCATCAT-30 and 50-GGGCTCGAGTTATTTGCC
GGTACGTAAT-30 and the pET22b-MjaOgg plasmid. The PCR products and
an empty pET22b vector were digested with Xho1-Nde1 and purified on an
agarose gel. Vector and insert were ligated using a Rapid DNA ligation kit
(Roche). A positive clone was sequenced in its entirety to confirm the deletion.
Glycosylase/Lyase Activity Assays
The DNA substrates used for glycosylase and lyase assays were purchased
from Midland Certified Reagent Co. The DNA sequences were 50-TGTCAATA
GCAAGXGGAGAAGTCAATCGTAGTCT-30 for the damage-containing strand,
where X was either 8-oxoG or uracil, and 50-AGACTCACGATTGACTTCTC
CYCTTGCTATTGACA-30 for the complementary strand, where Y was either
one of the four bases. One picomole of the damage-containing oligonucleotide
was phosphorylated with T4 polynucleotide kinase (New England Biolabs)
using [g-32P] dATP. The labeled DNA strand was annealed with the comple-
mentary oligonucleotide in buffer containing 10 mM Tris-HCl [pH 8.0] and
50 mM NaCl. Abasic sites were generated by treating the 32P-labeled
double-stranded oligonucleotide containing uracil with 2 U of Escherichia
coli uracil DNA glycosylase (New England Biolabs) for 30 min at 37C, directly
in the annealing buffer.
The assays were performed in 10 ml reaction by incubating 10 nM substrates
containing 8-oxoG or an apurinic/apyrimidinic site with either 20 nM of the
control enzyme hOGG1 or increasing concentrations (20, 50, and 100 nM) of
MjaOgg or the deletion mutant, MjaOggD3. Reactions involving hOGG1
were incubated for 30 min at 37C in 50 mM Tris-HCl [pH 7.4], 50 mM NaCl,
2 mM EDTA, 0.1 mg/ml BSA, and 5% (v/v) glycerol while MjaOgg and
MjaOggD3 reactions were conducted as described previously (Gogos and
Clarke, 1999) for 30 min at 50C in 20 mM Tris-HCl [pH 8.5], 80 mM NaCl,
1 mM DTT, 1 mM EDTA, and 0.1 mg/ml BSA. Reactions were stopped by add-
ing 10 ml of gel-loading dye (99% formamide, 5 mM EDTA, 0.1% xylene cyanol,
and 0.1% bromophenol blue) and heated at 95C for 3 min before loading on
a 12% denaturing polyacrylamide gel.hts reserved
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Atomic coordinates and structure factor amplitudes have been deposited with
the Protein Data Bank and are available under the following accession codes:
3FHF for MjaOgg and 3FHG for SsoOggK128Q.
SUPPLEMENTAL DATA
Supplemental Data include two figures and can be found with this article online
at http://www.cell.com/structure/supplemental/S0969-2126(09)00153-1.
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